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Abstract 
 

Co doping on the Mn sublattice of layered LiMnO2 suppresses the Jahn-Teller-
driven monoclinic distortion in favor of a layered rhombohedral structure.  First-
principles calculations (within the LSDA-GGA frame-work) using the VASP 
code, as well as XAS measurements, elucidate the effect of the Co doping on the 
atomic structure and the charge states of Mn and Co.  The analogy between Li 
manganate and La manganite suggests that dopants of either system that are 
divalent in both the distorted antiferromagnetic phase and the symmetric 
ferromagnetic phase are most effective in suppressing the cooperative Jahn-Teller 
distortion. 
PACS categories: 61.66.Fn, 71.25.Tn 

 
 

Li manganates are under intense scrutiny for their potential application as rechargeable 
lithium-battery-electrode materials [1].  The pronounced Jahn-Teller (JT) activity of Mn3+ ions, 
however, poses obstacles to the full exploitation of these promising materials.  The Jahn-Teller 
activity is responsible for distortions of the Mn06 octahedra in the orthorhombic [2] and 
(metastable) layered [3,4] dioxides of composition LiMnO2, as well as in the over-lithiated spinel 
[5], Li2Mn2O4.  The magnitude of the cooperative Jahn-Teller distortion varies widely, and 
discontinuously at structural phase transitions, during the redox cycles that accompany Li 
insertion/extraction.  These variations often cause a breakup of the material, which is detrimental 
to the capacity and capacity retention of a battery.  Efforts have therefore been made to suppress 
the cooperative Jahn-Teller distortion, e.g., by doping, with Co, Ni, or other elements.  Doping 
LiMnO2 with Co tends to form nonstoichiometric materials, with Li contents of 0.55-0.7, and 
stabilizes the rhombohedral (R3m) symmetry [6-13], relative to the monoclinic structure, of 
LiMnO2.  Incidentally, theory predicts [14] that Co doping also stabilizes the monoclinic 
structure relative to the orthorhombic structure, so that the stability order 
orthorhombic>monoclinic> rhombohedral is completely reversed upon Co doping. 
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In this communication, we investigate by first-principles computer simulation, and with 

x-ray absorption spectroscopy (XAS) measurements, the charge transfer between Mn and Co, 
which appears to play a critical role in the stabilization of the rhombohedral phase.  A better 
understanding of the behavior of dopants such as Co and Ni in lithium manganates is expected to 
provide helpful guidance for future battery materials design.  Ni doping of LiMnO2, has also 
been found [15-18] to stabilize the rhombohedral structure. 
 

In addition to the dilution of Jahn-.Teller-active Mn3+ ions by substitution of non-Mn 
atoms on the transition-metal sublattice, doping introduces atoms with different magnetic 
properties and oxidation states from those of the Mn host atoms.  The significance of the dopant 
oxidation state and magnetic behavior was recently explored in the context of doped La 
manganites [19], which are analogous in some respects to Li manganates, although the Mn ion 
density is lower in the former, roughly proportional to the number of 0 atoms per formula unit. 
 

Co and Ni impurities have been investigated in both lanthanum manganite and lithium 
manganate.  To understand better their influence on the phase stabilities of the respective host 
materials, we explore the hypothesis that dopants in Mn3+ bearing oxides, with cooperative JT 
distortion, are most effective in promoting a high symmetry crystal structure if they adopt a 
divalent state [20] in both the JT-distorted and the transformed structures.  Previous analysis of 
dopant charge states has focused only on the transformed high-symmetry phase.  The motivation 
for this criterion is that for each divalent dopant atom substitution, the resultant 4+ neighboring 
Mn ion is compatible (incompatible) with the undistorted (distorted) octahedral environment in 
the rhombohedral (monoclinic) structures of lithium manganate; a similar statement applies to 
the rhombohedral (orthorhombic) structures of lanthanum manganite.  This is because Mn4+ 
stabilizes the (ferromagnetic) high-symmetry transformed phase by promoting double- exchange 
[21] or (ferromagnetic) superexchange [22], whereas Mn4+ destabilizes the (antiferromagnetic) 
low-symmetry untransformed phase with cooperative JT distortion, by interrupting the coupling 
along antiferromagnetic chains. 
 

As divalent ions, Mg and Zn and possibly Co and Ni appear to be the most promising 
candidate dopants to stabilize the high-symmetry phases.  Mg and Zn have been explored as 
dopants in LaMnO3, and may merit consideration for LiMnO2, however, transition metals may 
be even more favorable because of their compatibility with the ferromagnetism of the high-
symmetry phase.  Whether a given transition-metal dopant of LiMnO2 (or LaMnO3) adopts a 
divalent state, however, depends on a delicate balance between the ionization energy of Mn3+ 
and the energy gain by reduction of the dopant [23].  The local atomic environment plays a 
crucial role in determining this balance.  First principles local-density-functional theory enables 
predictions of both structural and electronic degrees of freedom, albeit with approximate 
treatment of electron exchange and correlation. 
 

Calculations were performed with the VASP code [24], based on the local-spin-density 
generalized-gradient approximation (LSDA-GGA), for LiMn1-xMxO2, where M=Co or Ni, at 
different dopant levels [25] x.  The results indicate that, at small x, in either the monoclinic or the 
rhombohedral structures, Co is reduced and Mn is oxidized, relative to the average transition-
metal charge state of 3+.  XAS measurements for fully lithiated rhombohedral LiMn1-xMxO2, 
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with Co concentration x = 0.1 are consistent with these predictions.  In the case of Ni, on the 
other hand a divalent charge state is predicted in the monoclinic phase, but a trivalent state 
occurs at x = 0.25. 
 

In the calculations described below, ferromagnetic and simple antiferromagnetic [31] 
spin configurations were assumed.  The invoked periodic-boundary-conditions [24] imply 
ordering of Co on the transition-metal sublattice.  We consider first the monoclinic structure, 
which can be synthesized by ion-exchange [3,4].  The lower two panels in Fig. 1 show the d-
wave-projected (l = 2) spectra of electronic energies for Mn atoms in LiMn0.75Co0.25O2, and, for 
comparison, the top panel shows the spectrum for Mn in LiMnO2.  The unit cell contains 4 
formula units and 4 layers, with three Mn and one Co atom in the transition-metal layer [33].  
The (initial) antiferromagnetic configuration on the transition-metal sublattice was taken from 
Singh [31] for the undoped system, in which up and down spins alternate along the atomic chains 
parallel to the monoclinic b-axis.  The converged self-consistent magnetic structures show a 
smaller (but nonzero) magnetic moment on Co than on Mn.  The electronic energy spectra for 
the two symmetrically distinct types of Mn in the unit cell (we denote two of the Mn atoms as 
type a and one as type b) are shown in the bottom panels.  The solid lines represent the majority 
and the broken lines the minority carriers, and the energy zero is the Fermi energy.  We note that 
the majority-spin spectra for Mn in the undoped system and for b-type Mn atoms in the doped 
system both have t2g and eg bands with similar weights.  The a-type Mn atom, however, has a 
significantly attenuated eg band.  This behavior indicates charge transfer between the a-type Mn, 
which is oxidized to 4+, and Co, which is reduced to 2+, while the b-type Mn atoms remain in 
the 3+ state.  Other features of the results are consistent with this interpretation.  The octahedral 
stretching mode coordinate, Q3, of the oxygen octahedron, driven by the Jahn-Teller effect [32], 
is reduced to a value of 0.103 Å for the a-type Mn, from a value Q3(0) = 0.49 Å in the undoped 
system.  The Q3 values of the Co dopant and the b-type Mn are similar to Q3(0).  Furthermore, 
the integrated d-electron count for Co atoms is about 0.5 electrons higher in the doped system 
than in rhombohedral LiCoO2.  Calculations were also performed for monoclinic LiMn1-xCoxO2 
at x = 0.5.  In this case, no indication of charge transfer from Mn to Co is observed.  Therefore, 
for the (hypothetical) monoclinic LiMn1-xCoxO2, charge transfer is predicted to occur only over a 
certain range of doping. 
 

The rhombohedral phase was assumed ferromagnetic, which has been observed 
experimentally for Ni-doped systems at low temperatures [34].  We note also that Co doping of 
the perovskite LaMnO3 transforms the antiferromagnetism of the host to a ferromagnetic 
structure [19].  In the LSDA-GGA calculations for the ferromagnetic (unlike the antiferro-
magnetic) case, the rhombohedral structure is stable, however, surprisingly; the Mn ions adopt a 
low spin configuration, as illustrated in Fig. 2.  It is seen in this figure that, instead of a filled 
lower level of a split majority eg band, which occurs in the high-spin Mn3+ state, the minority t2g 
band is partially filled.  In calculations for the rhombohedral structure at x = 0.25, the results 
suggest charge transfer from the Mn to Co.  The bottom panel of Fig. 3, similar to results in 
Fig. 2, shows the Mn minority band straddling the Fermi energy.  The Co dopant (cf. middle 
panel of Fig. 3) shows a large spin splitting, in sharp contrast to the spectra for Co in 
rhombohedral LiCoO2.  As a result of this spin splitting, the dopant majority band as well as 
most of the minority t2g band are occupied, which indicates at least partial transfer of charge 
from Mn to Co.  Another indication of charge transfer is the lengthened Co-O bond lengths of 
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2.05 Å in LiMnO2, compared to values of 1.93 Å in LiCoO2, which imply Co-ion reduction. 
Note that the calculations predict a high spin configuration for Co, in contrast to its behavior in 
LiCoO2. 
 

The electronic spectra of rhombohedral LiMnO2 (Fig. 2) exhibits half- metallic behavior, 
with a large density of electronic states at the Fermi level in the minority band, and a gap in the 
majority band.  The calculations also predict metallic behavior for the cobalt-doped system with 
x = 0.25.  If Co-doped rhombohedral LiMnO2 were indeed metallic, the metallic screening would 
likely attenuate the charge transfer between Mn and Co.  Since the LSDA-GGA calculations 
predict metallic behavior for the rhombohedral structure, we would not expect the charge transfer 
to be as robust as in the monoclinic structure (Fig. 1), for which the predicted energy spectra 
appear only semi-metallic.  Co doping of LaMnO3, incidentally, increases polaronic conductivity 
but does not result in metallic behavior [19].  No electronic transport measurements on LiMn1-

xCoxO2 appear to have been done, but it seems likely that the material is insulating. 
 

We have seen that LSDA-GGA calculations, based on assumed magnetic configurations, 
predict charge transfer from Mn to Co in both the monoclinic and rhombohedral phases of 
LiMn1-xCoxO2.  The approximations employed in the calculations, however, make experimental 
tests highly desirable.  X-ray and photoemission spectroscopies on doped LaMnO3 demonstrate 
charge transfer from Mn to Co [23,35-37]. 
 

In Fig. 4 are presented K-edge XAS spectra, measured at the Argonne National 
Laboratory Advanced Photon Source [38] for Co in Li1-yMn0.9Co0.1O2, where y = 0.17 as well as 
for trivalent Co in LiCoO2 and divalent Co in CoO.  The specimens, with structural symmetry 
Ram, were synthesized by an ion-exchange procedure, which yielded a lithium deficient system; 
this was followed by electrochemical lithiation to achieve full occupancy on the Li subblattice 
[12,39].  An interpretation of the near-edge structural features for Co absorption in LiCoO2 has 
been presented previously [40].  Significant for the oxidation state assignment is the dipole-
allowed onset edge in the region 7.715-7.718 keV.  The spectrum for LiMn0.9Co0.1O2 lies close to 
that for the divalent standard, CoO, and, well below the trivalent standard, LiCoO2 which is 
shifted to higher energy by about 2 eV.  Spectra for the Mn K-edge (not shown) of 
LiMn0.9Co0.1O2 are proximal to those for a trivalent Mn2O3 standard; at the low dopant 
concentration employed, the slight shift anticipated for the Mn K-edge towards that of a 
quadrivalent standard (Li2MnO3) is difficult to detect.  Nevertheless, the presence of Co2+ clearly 
implies an equal concentration of Mn4+. 
 

We have asserted that dopants that are divalent in both a JT-distorted antiferromagnetic 
phase and in a ferromagnetic phase of higher symmeter are effective in stabilizing the latter.  
This is because the resultant Mn4+ ions act to destabilize one and stabilize the other.  In this work, 
first principles calculations with the VASP code predict that Co dopants are divalent in both the 
monoclinic and the rhombohedral phases of LiMn1-xCoxO2 at x = 0.25.  Co K-edge XAS 
measurements for a specimen with x = 0.1 exhibit a divalent state, or one considerably reduced 
relative to a trivalent state.  We believe that the divalent-dopant criterion for the suppression of 
the JT distortion in Mn oxides, although not subject to rigorous proof, is at least a useful working 
hypothesis to guide the search for suitable dopants, and first-principles calculations provide a 
convenient tool for screening candidate dopants. 
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FIGURES 
 
Fig 1. Projected Mn-ion d wave (l = 2) density of electronic states in monoclinic LiMn1-xCoxO2 

for x 0.0 (top panel), and x = 0.25 (bottom two panels). Calculations were performed with 
the VASP code. The full curve represents the majority spin and the dashed curve the 
minority spin band. The zero on the abscissa corresponds to the Fermi energy. One of the 
three Mn atoms in the cell (labeled a) is oxidized to charge state 4+, as indicated by the 
diminished weight of the eg majority-spin band, while the Co atom is reduced to 2+. 

 
Fig. 2. Projected Mn ion density of electronic states calculated for ferromagnetic LiMnO2 in the 

rhombohedral structure. The full curve is the majority spin and the dashed curve is the 
minority spin band. The zero on the abscissa corresponds to the Fermi energy. 

 
Fig. 3. Projected (l = 2) Mn ion (bottom panel) and Co ion (middle panel) density of electronic 

states calculated for the ferromagnetic state of rhombohedral LiMn0.75Co0.25O2. The full 
curves are the majority spin and the dashed curves the minority spin bands. The zero on 
the abscissa corresponds to the Fermi energy. For comparison, the top panel shows the 
density of states for either majority or minority spin bands of rhombohedral LiCoO2. 

 
Fig. 4. XAS K-edge spectra for Co in Na0.012Li1-yMn0.901Co0.094O2, with y = 0.17 and in reference 

divalent (CoO) and trivalent (LiCoO2) oxide systems.  The Co-doped specimen was 
obtained by discharging in an electrochemical cell a specimen with composition 
Na0.012Li0.642Mn0.901Co0.094O2, obtained by ion-exchange [12]. Spectra for the Co-doped 
system are close to those of the divalent CoO, and shifted to lower energy relative to 
undoped LiCoO2, in the region near the edge onset at about 7.715 keV. 
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